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ABSTRACT

Results from one-dimensional cirrus cloud model simulations in the absence of upward velocities are used
to show that the growth/sublimation of the ice particles in the cloud, and the fact that they are falling can be
important factors in determining the net heating rate in the air through which these clouds settle. The vertical
profiles of the heating rate inside the cloud are stretched as a result of the settling of the cloud. Results for clouds
at various altitudes in both midlatitude and tropical atmospheres are compared.

1. Introduction

Cirrus clouds, that is, clouds composed almost ex-
clusively of ice crystals, are present a large portion of
the time in the upper troposphere over any particular
location. The dynamics of the circulations responsible
for the presence of cirrus in these regions, and the cloud
microphysical properties, are such that individual cirrus
cloud regions typically persist for many hours, although
individual cells within these regions may have shorter
lifetimes (Heymsfield 1975; Sassen et al. 1989). Cloud
regions persisting for such periods of time will be af-
fected strongly by radiative processes. Although the
magnitude of radiative processes is not always locally
as great as some of the other forcing important to cloud
evolution, the fact that radiative processes act broadly
and continuously over periods of a half-day or longer
renders their integrated effects important during the
evolution of a cirrus cloud region.

Among the many published studies of cirrus clouds
there have been several investigations, both observa-
tional and computational, in which the radiative heat-
ing rates in cirrus clouds have been estimated and re-
lated to cloud microphysical and dynamical processes.
Griffith et al. (1980) and Paltridge and Platt (1981)
have used in situ microphysical and radiative flux
measurements to investigate radiative heating rates.
Ackerman et al. (1988) combined cloud top micro-
physical information with satellite radiances to deduce
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tropical anvil physical and radiative characteristics.

Hall and Pruppacher (1976), Welch et al. (1980),
Wendling (1980), and Stephens (1983 ) explored theo-
retically the radiative properties of ice clouds and the
influence of radiation on deposition/sublimation of
ice particles. Starr and Cox (1985a,b) and Starr (1987)
present results from a two-dimensional cloud model,
including radiative interactions. Ramaswamy and
Detwiler (1986) looked at interactions between radia-
tive and microphysical processes in a one-dimensional
layer cloud model.

Of particular relevance to the matters to be consid-
ered below are the vertical profiles of the various terms
in the cloud thermal energy budget in Starr’s model
results. They are generally characterized by energy
terms due to phase changes (deposition on, or subli-
mation from, ice particles) directly opposing radiative
heating terms. That is, at cloud top, the radiative cool-
ing is countered by latent heat release due to deposi-
tional growth of ice. At cloud base, where net radiative
heating generally occurs, evaporative cooling of roughly
equal magnitude also occurs. Thicker clouds had more
pronounced relative peaks near base and top in both
latent heating and radiative heating profiles.

Danielsen (1982a) used measurements from tropical
anvils (Danielsen 1982b; Knollenberg et al. 1982) to
advance the hypothesis that radiative heating from be-
low and cooling at the top could destabilize tropical
cirrus anvil clouds. He further conjectured that such
destabilized anvils would rise above tropopause levels,
with cloud top regions cooling adiabatically during as-
cent to temperatures lower than local tropopause air
temperatures.
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Ackerman et al. (1988) and Lilly (1988) further

considered Danielsen’s hypothesis concerning the de-
stabilization of stratiform cirrus anvil clouds due to
differential radiative heating at cloud base and cloud
top. Lilly used radiative heating profiles from Acker-
man et al. in a study of anvil outflow dynamics. In
both studies, radiative heating rates were used as total
heating rates, although in each discussion there was
mention that this approximation introduced some un-
certainty about the generality of the conclusions. The
overall conclusion was that relatively thin, moderately
dense anvils that are also not too wide may behave as
Danielsen hypothesized. That is, due to differential ra-
diative heating, they may become convective and rise,
with their tops becoming colder than the surrounding
air just above the local tropopause.

The qualitative role of radiation in cirrus cloud ther-
mal energy budgets can be estimated using the results
of the studies cited above. Radiative terms may clearly
dominate in at least some circumstances. There is need
for further refinement in delineating exactly which cir-
cumstances these are. To this end, further calculations
have been carried out using a refined version of the
one-dimensional settling cirrus cloud layer model of
Ramaswamy and Detwiler (1986). The goal is to look
at how a simple cloud layer’s properties evolve with
time. Particular attention will be paid to defining re-
gimes in which latent heat exchange strongly counters
radiative heating in layer clouds and those in which
they do not. The influence of cloud settling on net
heating within a specific altitude range will also be con-
sidered.

2. The computational experiment

The one-dimensional cirrus cloud model used here
is described in detail in Ramaswamy and Detwiler
(1986). It considers a cloud of bullet-shaped ice par-
ticles settling through a nonisothermal atmosphere.
Particle geometry follows from relations given in
Heymsfield (1972) for bullets. The cloud is divided
into twenty 100 m thick layers with monodisperse par-
ticle size distributions and homogeneous temperature,
pressure, and humidity within each layer. Cloud and
air properties can vary from layer to layer. Detailed
microphysical growth calculations treat the growth of
ice particles from the vapor phase, including the role
of radiation in the particle energy balance.

Particles are treated conceptually as randomly-ori-
ented ice bullets. Optical constants for ice are taken
from Warren (1984). Optical cross sections for ab-
sorption, scattering, and extinction at a given wave-
length are computed using the Mie theory for spheres
of equal surface area. Absorption by gases in the cloud
is ignored.

A delta-Eddington approach (Wiscombe 1977) is
used to calculate upward and downward radiative
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fluxes through the cloud in 56 solar bands (covering
the visible and near infrared ) and the infrared window
(8-12 um). Fluxes are computed at each of the 21
boundaries of the 20 layers. Incoming fluxes are spec-
ified at the upper and lower boundaries. Outgoing
fluxes, and fluxes across internal boundaries, are found
from the solution to the delta-Eddington system of
coupled equations, given the specified incoming fluxes
and the assumption of continuity in the intensity field
at internal boundaries between each of the 20 layers.

Microphysical growth and particle settling is com-
puted with a simple forward difference integration
scheme using a 1-sec time step. The in-cloud radiative
flux profiles are updated at 1 min intervals. Particle
nucleation, aggregation, and breakup are not consid-
ered in the simple model. Particle motion relative to
the air is computed, but motion of the air itself is not
considered. )

This model has been used to explore several rela-
tively simple situations, including the evolution of air-
craft contrails ( Detwiler and Pratt 1984), midlatitude
cirrostratus (Ramaswamy and Detwiler 1986), and
(with enhancements to the microphysical parameter-
izations required by lower temperatures and also al-
lowing for polydisperse particle size distributions within
a layer) polar stratospheric clouds (Ramaswamy 1988).

For the simulations discussed below, the following
enhancements were made to the model as presented
in Ramaswamy and Detwiler (1986). Incident radia-
tive fluxes are specified as a function of altitude and
allowed to change as the cloud settles to lower altitudes,
whereas previously the incident fluxes were considered
constant through a simulation period. These flux pro-
files are computed for clear midlatitude and tropical
standard atmospheres using the radiative transfer
model of Ramaswamy and Kiehl (1985). Surface al-
bedo is 0.1, and zenith angle is 60°. The profiles are
shown in Fig. 1 and are assumed to be constant at a
given altitude during a simulation. They do not reflect
the possible influence of the cloud on the environment
as it evolves and settles.

A second enhancement was to explicitly track the
net heating of the air through which the ice particles
settle. It must be remembered that cirrus clouds typi-
cally contain at least some particles with appreciable
fallspeeds. If these particles predominate radiatively,
then any absorbed radiation they convert to net thermal
heating of nearby air will not be communicated to a
fixed volume of air, but to a continuous stream of air
as they fall. They cannot, in general, be treated as static
sources/sinks of heat.

Twenty-minute simulations of cirrus cloud layers
settling through the two different standard atmospheres
were performed for three different positions within each
atmosphere. The standard cloud properties are given
in Table 1. Additional simulations were done while
varying cloud microphysical characteristics, one at a
time, relative to these standard conditions.
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FiG. 1. Radiative flux profiles in the atmosphere in which cirrus layers were inserted.

The standard cloud characteristics were chosen to
represent realistic cirrus cloud layer properties, and to
be similar to the properties used in prior computational
studies. The choices were somewhat arbitrary. They
represent a relatively crude approximation to real cirrus
clouds that are typically horizontally inhomogeneous
and finite, where new particles are continually nucleat-
ing, and that typically contain very broad particle size
spectra. The particle sizes used here are to be taken as
representing a surface area mean size. Although Ack-
erman et al. (1988) chose to use a log normal number
distribution peaked at 50 um in their computations
based on aircraft measurements in the tops of tropical
anvils (corresponding to a surface area mean size of
~ 100 ym), one might infer a typical surface area mean
size somewhat larger based on more comprehensive
measurements in cirrus (Heymsfield and Platt 1984)
and other anvils (Griffith et al. 1980; Bennetts and
Ouldridge 1984; Heymsfield 1986; and Foot 1988).

TABLE 1. The initial physical properties of the cloud layers are
shown above. The cloud top in the tropical atmosphere is at 14 km,;
in the midlatitude atmosphere it is at {2 km.

Standard cloud properties

Thickness (m}) 2 000
Particle size (um) 150
Particle concentration (1) 150
Ice saturation ratio in cloud 1.01
Ice saturation ratio below cloud .85
Visible optical thickness .75
g
Ice water path oy 84

Results of the simulations are intended to be used
only to infer the sensitivity of total heating profiles to
variations in microphysical and environmental con-
ditions in a very simple situation, and not to generate
precise predictions of cirrus cloud behavior in general.

3. Results

Results using the standard set of parameters listed
in Table 1 are shown in Fig. 2. Figure 2 shows the ice
water content profiles for a) midlatitude, and b) tropical
cases initially and after 20 minutes. The tropical cloud
falls further because it is falling through less dense air.
Evaporation near cloud base is evident in both final
cloud profiles, but strongest in the midlatitude case.

The model is so basic that simulations discussed
herein will extend to only tens of minutes, Certainly,
as time goes on, the behavior of a real cloud will be
dominated by external factors not treated by the model,
such as atmospheric dynamics; and also by internal
factors, such as the polydispersity of particle sizes, nu-
cleation of new particles, aggregation and/or breakup
of old particles.

Earlier work with a version of this model ( Detwiler
and Pratt 1984) showed that time scales for the sim-
ulated dissipation of aircraft contrails simply settling
into dry air could be as short as tens of minutes in a
typical upper troposphere environment. Simulations
with the current version, starting with properties as
given in Table 1, suggest cloud lifetimes on the order
of hours. The main differences are: 1) difference in
initial cloud thickness, 100 m in the case of the contrails
as compared to 2 km in the present case; and 2) higher
subcloud saturation ratio in the current simulations,
0.85 compared to 0.50 in the contrail simulations.
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F1G. 2. Cloud ice water content profiles initially and after 20 min in the
(a) midlatitude; and (b) tropical simulations.

Despite the simplicity of the model, these simulated
lifetimes are within the range of observed lifetimes for
both contrails, and for large cirrus layers in the absence
of strong atmospheric dynamics (e.g., the anvil cloud
left after a thunderstorm collapses). This suggests that
cloud lifetime is basically determined in these circum-
stances by the time it takes to mix cloudy air with sur-
rounding dry air. The details of the mixing may be of
secondary importance. In the case of the present model
“mixing” is achieved by letting the ice particles simply
sediment into dry air, while in “reality” mixing may
also include turbulent entrainment of dry air into a
(growing) cloud volume. In some circumstances, sed-
imentation may be the rate-determining process.

a. Effects of latent heating

Vertical profiles of radiative and latent heating for
each case are shown in Fig. 3. Latent heating is slight

but most evident at the lower cloud boundaries at the
beginning of the simulations. The radiative term is sig-
nificant throughout the depth of these moderately thick
clouds and dominates the latent term in both cases.
The particles at cloud base evaporate more rapidly in
the lower altitude, warmer midlatitude cloud.

The net radiative cooling shown at cloud top is the
sum of solar heating and longwave cooling with the
solar heating having an absolute magnitude equal to
44% that of the longwave cooling in the tropical case,
and 36% in the midlatitude case. Solar heating de-
creases downward through the layer and is negligible
at cloud base relative to longwave heating.

These profiles show that latent heating can contrib-
ute a significant portion to particle energy budgets only
when conditions are significantly different from satu-
ration (as they are at cloud base), as was discussed in
more detail in Ramaswamy and Detwiler (1986). Cal-
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FiG. 3. Solid lines show heating profiles due to phase changes and
dashed lines show radiative heating profiles, at the beginning and
end of the simulations in (a) midlatitude; and (b) tropical atmosphere.
The heavier lines represent the initial profiles; the lighter lines, the
final profiles.

culations of the rate at which a cloud layer may become
convectively unstable due to differential radiative
heating will overestimate this rate if radiative heating
at cloud base is presumed to be total heating in both
of the situations shown in Fig. 3.

b. Effects of cloud settling

The integrated effect of the heating of the interstitial
air due to the particles passing through is shown in
Figs. 4a and 4b for the two cases. Only radiative and
latent heat exchanges can affect air temperature in the
model. The lighter curves show net changes in air tem-
perature in the layers through which the cloud settles
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over a 20-min period. Also shown is a heavier curve
representing the instantaneous net heating profile at
the midpoint of the time interval.

The purpose of Fig. 4 is to show the difference in
profiles of net heating that would be estimated if one
computed net changes at a given time and assumed
them to be representative of the heating rates for a 20-
min period centered on that time, compared to the
case where one integrates in small time-steps over the
entire period.

The midlatitude case in Fig. 4a shows strong instan-
taneous cooling at cloud top and strong heating at cloud
base of roughly equal magnitude at the midpoint of
the 20-min simulation. As the cloud settles, the upper
cloud layers can be expected to cool the air that has
just been warmed by the passage of the lower cloud.
The air that initially corresponds to cloud top is cooled
at a high rate but experiences this cooling for only a
short time so that the integrated amount of cooling at
the altitude of the cloud top is smaller than might be
inferred from the ‘“‘instantaneous™ curve. The net
heating/cooling rate couplet, integrated over 20 min,
has about the same gradient as the instantaneous one,
but is limited to the middle two-thirds of the layer
rather than the total layer depth, as might be inferred
from the instantaneous profile at the midpoint of the
time interval.

Similar patterns appear in Fig. 4b, describing results
for the tropical case. In both cases, a given air layer is
first heated as cloud base falls through it. As the cloud
falls farther there is a transition to decreased heating
of this layer and then cooling as the cloud top falls
through it. A given volume of air does not experience
just heating or just cooling for a prolonged period of
time for clouds described by the parameters given in
Table 1.

To further illustrate the differences between the
computed vertical heating profile at a given instant,
and the integrated heating profile observed over a length
of time, one model run was extended to 60 minutes.
The situation simulated was similar to the tropical
cloud described in Table 1, but with particle size in-
creased to 250 um and concentration reduced to 32/1
to yield a solar optical thickness of 0.49. The use of
larger particles accentuates the effect of cloud settling
and stretches out the heating profile in the vertical.
The lower optical depth results in a cloud that is initially
heated almost throughout its depth by planetary ra-
diation from below. Results are shown in Fig. 5. In-
stantaneous total heating rate profiles are shown at the
beginning and end of the simulation in Fig. 5. Latent
heating and radiative heating, again, are the only two
components in “total” heating. The net air temperature
change over the one-hour period is also displayed. Note
that the cloud is 2 km thick at the beginning and 1.3
km thick at the end of the hour, and that cloud top
falls 3 km during the hour.

Heating rate profiles at any instant during the hour
would suggest a differential heating rate of ~1.1°K
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FIG. 4. Heavy lines show instantaneous total heating rates at the midpoint time, while light
lines show integrated heating of the air through which the cloud falls during 20-min simulations

in (a) midlatitude; and (b) tropical cases.

h™! spread over an altitude difference of <2 km. Note
that the heating/cooling values at cloud top and base
that contribute to the differential are quite different at
the beginning and the end of the simulation. At the
beginning there is heating through most of the cloud,
strongest at the base, while at the end there is cooling
in the upper half and heating in the lower half. As the
cloud settles, the top particles begin to catch up to the
smaller evaporating particles at the base. Due to this
contraction, the rate of radiative destabilization might
even be expected to increase as the layer compresses.
However, the integrated heating rate curve suggests a
much smaller overall differential heating rate of
~0.6°K h~! spread over 4 km. Between 11 and 12 km
(just above the final cloud top) is the strongest gradient
in net heating, ~0.5°K h~! difference over 1 km.

The integrated heating profile is complicated by the
fact that as the cloud falls into lower warmer air layers
there is an increasing tendency for stronger cloud top
cooling and weaker cloud base heating. Optical depth
also decreases from 0.49 to 0.46 over the 1-h simulation
due to evaporation at cloud base. As the cloud falls
there is an increasing tendency for cloud top cooling
to cancel out the heating first produced by the cloud
base particles as the cloud falls through an air layer.
Latent heating plays an insignificant role in this case.

The simplicity of the model precludes precise com-
parison to all but the simplest ““real” clouds. There is,
however, a strong suggestion in Figs. 4 and 5 that rates
of radiative destabilization may be overestimated if they
are based on computed radiative heating rates in a
cloud layer presumed to remain at a constant altitude
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in a fixed volume of air. Even the values of the in-
cloud heating/cooling rate profile may be prone to in-
accuracies in a nondynamic cloud computation.

It might seem more realistic to assume that the cloud
layer is suspended in upward moving air so that it does
not fall towards the ground. In such a situation, though,
the rising air must pass through the cloud. The stretch-
ing of the net air heating profile must occur in a manner
somewhat similar to that shown in Fig. 5, only in a
frame of reference fixed to the upward moving air.
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¢. Variations with cloud altitude and microphysical
properties

A limited exploration was made of the parameter
space of this simple cloud model in order to place the
above results for two-kilometer thick clouds in per-
spective. The effects of particle concentration and par-
ticle size (optical thickness), saturation ratio (SR),
cloud altitude, and diurnal variations on heating rates
are shown in Table 2. These are instantaneous values
corresponding to conditions at the altitudes indicated
in the corresponding standard atmosphere with cloud
properties as in Table 1, except as otherwise indicated.

Figure 6 shows radiative and phase-change (latent)
heating for the same cloud at three different altitudes
in both tropical and midlatitude situations. The middle
altitude in each situation corresponds to the “standard”
case described in Table 1. A numerical summary can
be found among the results given in Table 2. The com-
parison is somewhat artificial because in the actual tro-
posphere cloud microphysical properties vary predict-
ably with altitude, with a trend towards smaller particles
and lower ice contents at higher altitudes (Heymsfield
and Platt 1984).

In the tropical case, the tendency for radiative heat-
ing at cloud base increases with altitude as the base
temperature decreases, while the tendency for cooling
at cloud top decreases with altitude as the top temper-
ature decreases. This is to be expected, as the cloud top
temperature approaches that of the effective sky tem-
perature and the cloud base becomes colder relative to
the effective ground temperature as cloud altitude in-
creases. Others (Ackerman et al. 1988) have noted
similar tendencies in tropical cirrus cloud simulations.
In the midlatitude case, both cloud top cooling and
cloud base heating increase with altitude. Unlike the
tropical case, the effective sky temperature is still de-

TABLE 2. A summary of cloud top and cloud base radiative heating/cooling, and ratio of latent-to-radiative effects,
for cirrus cloud cases examined in this study.

Energy budget summaries

Top Base
Latent Latent Solar optical

Case Radiative radiative Radiative radiative depth
Midlatitude, stnd. —28.6 —0.12 +40.1 —0.37 75
Midlatitude, wet —28.6 —0.64 +40.1 -0.16 75
Midlatitude, dry —28.6 +0.54 +40.1 -1.10 75
Tropical, stnd. —26.6 —0.03 +66.6 —0.14 5
Tropical, wet —26.6 —-0.22 +66.6 -0.07 75
Tropical, dry —26.6 +0.19 +66.6 -0.38 75
Tropical, small size +6.62 +0.01 +5.05 -0.11 17
Tropical, low conc +7.1 +0.00 +8.2 -0.21 22
Tropical, high conc —119.5 —0.01 +251.8 -0.12 ~ 1.85
Tropical, large size —82.1 -0.02 +312.5 —-0.22 2.31
Tropical, night —48.3 —0.02 +65.5 —0.14 75




2174

MID-LATITUDE STANDARD CASE

R) VARYING ALTITUDE
150 — :
200 —
E 250 —
g i
3 ]
(71
w -
(4
o 300 —
350 —
- /
400 T T T T T T T  p—
-100 -50 0 50 100.
HEATING RATE (°K/day)
B) TROPICAL STANDARD CASE
VARYING ALTITUDE
100
] N

150

: N

N
4 I
\

PRESSURE (mb)

250

300 T T T T | — T

|
&
o
o
o
h
=]
=]

Heating Rate (°K/day)

FIG. 6. Vertical profiles of the instantaneous latent (light lines)
and radiative (heavy lines) heating inside cloud with top and base
at various altitudes in (a) midlatitude; and (b) tropical standard at-
mospheres. For each atmosphere, the results for the middle cloud
represent the standard case defined in Table 1, and also shown in
Fig. 3.
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creasing with altitude over the altitude range explored
in the midlatitude case.

The difference in heating rates between base and top
increases with altitude for these moderately thick clouds
in both atmospheres.

At the lowest altitudes shown in each atmosphere,
sublimational cooling at cloud base is nearly equal to
radiative heating. The magnitude of cloud base subli-
mational cooling decreases with altitude and becomes
negligible at the highest altitude studied in each at-
mosphere. Cloud base saturation ratio is 0.85 in all
cases, but the rate of sublimation decreases as cloud
base temperature decreases. This is due to the decrease
in the vapor density gradient corresponding to a given
saturation ratio gradient (i.e., the lower saturation va-
por density over ice at lower temperatures ). As the rate
of sublimation decreases, so must the sublimational
(latent) cooling.

The influence of variations in saturation ratio at
cloud base and cloud top for the otherwise standard
conditions was tested. A “wet” case was simulated with
SR set to 1.15 at the initial altitudes of the top three
100 m thick layers and SR = 0.95 below initial cloud
base. A “dry” case was simulated with SR = (.85 at
the initial altitudes of the top three layers and SR = 0.5
below initial cloud base. Results are found among the
cases displayed in Table 2. Latent heat effects are
stronger at cloud top in the “wet” cases due to strong
particle growth, and.at cloud base in the “dry” cases
due to stronger sublimation. The cloud base SR in the
“dry” case is 0.5, which is not an extreme value at
cirrus altitudes. For nearly saturated conditions at cloud
base, loss of latent heat due to evaporation is small
compared to radiative heating in both tropical and
midlatitude atmospheres. Latent heating is generally
of less relative importance in the colder tropical en-
vironment.

Figure 7 shows the effect of increasing particle con-
centration for a given particle size at the standard al-
titude in the tropical atmosphere. Numerical results
for this case are also contained in Table 2. As particle
concentration increases, so does optical thickness; and
the differential heating rate across the cloud becomes
larger. The relative magnitude of latent heating com-
pared to radiative heating is important only at cloud
base. Figure 7 shows that there is weak net heating
throughout the cloud for low concentrations (small
optical thickness) and strong differential heating for
large concentrations (large optical thickness), similar
to results reported by others (Ackerman et al. 1988).

Variation of particle size with a fixed concentration
results in changes in optical thickness and changes in
heating rate profiles similar in character to those shown
in Fig. 7. Numerical results for this case can be found
in Table 2. For the case of the smallest particles (50
um), the fallspeed is reduced to ~30% of the standard
150 pm particle, so the stretching of the integrated net
heating profiles compared to the instantaneous ones
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in a tropical atmosphere. The concentrations are 30/1, 150/1 (“‘stan-
dard” tropical case), and 750/1.

shown in Figs. 4 and 5 is correspondingly reduced (not
shown). For the largest particle (500 um ), the fallspeed
1s ~3 times larger compared to a 150 um particle, and
the stretching is correspondingly accentuated (also not
shown).

The effect of diurnal variations was also investigated
by eliminating solar flux from the tropical standard
case. Results can be found in Table 2. For this mod-
erately thick cloud, solar heating is not strong near
cloud base, but is significant at cloud top having an
absolute magnitude of ~50% of the infrared cooling.
This suggests that radiative destabilization of moder-
ately optically thick clouds might occur more readily
at night. Starr (1987) has examined diurnal variations
in optically thinner cirrus clouds with his two-dimen-
sional dynamic cloud model, including bulk micro-
physics and radiative interactions. His results suggest
that radiative coupling with dynamics is quite complex
and that it may not be possible to makeé strong infer-
ences from simple nondynamical models.

There are other parameters to which model results
are sensitive. Surface albedo was fixed at 0.1 for all
simulations. Higher surface albedo, such as that pro-
duced by land or lower cloud layers, would have in-
creased the relative impact of solar heating. Surface
temperature affects incident infrared flux at cloud base,
but was fixed at 294°K in the midlatitude atmosphere
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and 300 K in the tropical atmosphere. There are a
large number of sensitivity studies that could be pre-
sented. The results given here are restricted to those
important to the main thrust of the investigation at
hand, which is to try to understand the effects of latent
heating and particle sedimentation on the vertical pro-
file of net air heating as cirrus clouds evolve in still air.

One of the strong simplifications used in this work
is the assumption of monodisperse particle sizes within
a 100 m thick layer. In this Lagrangian model, mono-
disperse sizes mean that there is a unique fall velocity
associated with each layer resulting in great compu-
tational simplicity. The same simplification is implicitly
made in bulk microphysical Eulerian models, such as
that of Starr and Cox (1985a). In the simplest of such
models a single velocity, a single characteristic optical
cross section, etc., is assigned to cloud mass at a given
grid point. In the context of the model used here, poly-
disperse particle sizes would lead to a further stretching
of the cloud in the vertical with time: small particles
falling slower, large ones faster. The effects on net heat-
ing curves would no doubt be quite complex because
fallspeeds, particle growth/evaporation, and radiative
absorption are highly dependent on the particle surface
area distribution, non-sphericity, etc., in addition to
the parameters discussed above. An extension to allow
a distribution of particle sizes; as well as changes in
that distribution due to nucleation, aggregation, and
breakup; is perhaps the most useful enhancement that
can be made to the model in its current state.

4. Conclusions

A computational study has been made of the relative
importance of particle fallspeed and vapor deposition /
sublimation in the net thermal energy exchange be-
tween cirrus cloud particles and the atmosphere
through which they are falling. Two-kilometer thick
cloud layers were inserted in tropical and midlatitude
atmospheres and their evolution followed long enough
to show the following tendencies:

1) Latent heat exchange tends to oppose the sense
of radiative heating. Particle sublimation at cloud base
and growth at cloud top partially counteract the ten-
dency for clouds to heat radiatively at their bases and
cool at their tops, respectively. For the 2-km thick cloud
layers considered, latent heating is a significant fraction
of radiative heating at cloud base near and below tro-
popause heights ‘in the situations simulated. Latent
heating at cloud base becomes insignificant above 12
km in the midlatitude atmosphere and above 14 km
in the tropical atmosphere. It is generally insignificant
at cloud top relative to radiative cooling. Latent heating
is more significant, and can dominate radiative heating,
for saturation ratios further from unity, as might be
expected.

2) The settling of the cloud layer tends to stretch its
heating effects in the vertical. As a layer of cloud par-
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ticles settles through the air, infrared heating at cloud
base first heats the air. Later, the rest of the cloud falls
through this same air. Infrared cooling near cloud top
cools the air that had been previously heated. The net
effect is sensitive to the altitude, radiative environment,
and cloud microphysical properties. »

The results presented here are highly idealized. If
one were to identify them with an actual situation in
the “real” atmosphere, they would most closely de-
scribe the evolution of the peripheral regions of thun-
derstorm arnvils. It is clear in these situations that ne-
glecting particle volatility and the movement of cloud
particles relative to the air may result in an overestimate
of the rate at which such clouds might become radia-
tively destabilized. There may also be misrepresenta-
tion of the time-integrated radiative heating/cooling
values at cloud top and base if the movement of the
cloud in the vertical is ignored.

This study, and those discussed in the introduction,
all make partial representations of real cirrus cloud
phenomena, treating some aspects in great detail and
others more crudely. Although the physics of these
clouds can, in principle, be represented with a fairly
high level of complexity (given enough computing
power), there is still a dearth of in situ observational
evidence concerning actual cloud physical properties
and the dynamic, thermodynamic, and radiative prop-
erties of cirrus cloud environments. A better mapping
of the range of typical boundary conditions is required
to enable models to be used to better diagnose the fac-
tors most strongly influencing cirrus cloud evolution
in the atmosphere.
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